Abstract The main objective of this investigation was to study the feasibility of developing a vaginal bioadhesive microbicide using a SRI's proprietary two-polymer gel platform (SR-2P). Several formulations were prepared with different combinations of temperature-sensitive polymer (Pluronic® F-127) and mucoadhesive polymer (Noveon® AA-1), producing gels of different characteristics. Prototype polymeric gels were evaluated for pH, osmolality, buffering capacity, and viscosity under simulated vaginal semen dilutions, and bioadhesivity using ex vivo mini pig vaginal tissues and texture analyzer. The pH of the polymeric gel formulations ranged from 5.1 to 6.4; the osmolality varied from 13 to 173 mOsm. Absolute viscosity ranged from 513 to 3,780 cPs, and was significantly reduced (1.5-to 3-fold) upon incubation with simulated vaginal and semen fluid mixture. Among the tested gels (indicated in the middle row as a molar ratio of a mixture of Noveon vs. Pluronic), only SR-2P retained gel structure upon dilution with simulated fluids and mild simulated coital stress. The pH of the SR-2P gel was maintained at about 4.6 in simulated vaginal fluid and also showed high peak force of adhesion in mini pig vaginal tissue. Furthermore, SR-2P gel caused no or only minimal irritation in a mouse vaginal irritation model. The results of this preliminary study demonstrated the potential application of SR-2P gel as a vaginal microbicide vehicle for delivery of anti-HIV agents.
INTRODUCTION
The most prevalent sexually transmitted diseases are AIDS and herpes simplex virus (HSV) infection, which are caused by two opportunistic pathogens and lead to progressive failure of the immune system (1) . Globally, over 33 million individuals are infected with HIV, and AIDS continues to date to be the most destructive known pandemic. HSV-2 infection is also a global epidemic, with nearly 20% of all sexually active adults being carriers; about 80% of HIV-infected adults are coinfected with HSV-2 (2) . Over the past few decades, specifically in the developing nations, women have represented the fastest growing demographic of the HIV/ AIDS pandemic. Reports in the literature suggest that biological and socioeconomic vulnerability makes women at higher risk for HIV (3, 4) . The current methods of preventing HIV infection, such as abstinence, condoms, and monogamy, are frequently ineffective and often outside a woman's control (5) . The failure of existing methods of HIV prevention contributes to women's greater susceptibility to HIV infections. Furthermore, failures of the existing prevention approaches and the rapid surge of infection rates strongly indicate the need for woman-controlled preventive strategies. One of the most promising prophylactic woman-controlled strategies is the use of topical vaginal microbicides to protect women against male-to-female sexual transmission of HIV. Microbicides may function as a physical barrier or deliver antiviral agents singly or in combination. The success of 1.0 wt.% tenofovir gel in the CAPRISA 004 microbicide trial is a historic milestone in the field of microbicides and reinforces the hope for preventive strategies in the fight against HIV (6) . The gel used in that trial was composed of 40 mg of 9-[(R)-2-phosphonomethoxy) propyl] adenine monohydrate (6) in a solution of purified water with edetate disodium, citric acid, glycerin, methylparaben, propylparaben, and hydroxyethycellulose (HEC). The placebo gel used in the trial was the "universal" HEC placebo gel, which has been shown to have minimal anti-HIV activity (6) . We hypothesize that our patented bioadhesive formulation (7) , composed of two FDA-approved polymers, Pluronic® F-127 (polyoxyethylene polyoxypropylene co-polymer, polaxomer) and Noveon® AA-1 (polyacryclic acid), will [1] be a more efficacious platform for delivery of the antiviral drugs tenofovir and acyclovir, [2] offer protection against viral infection, and [3] have a long residence time because it will form micelle-like particles that adhere to the vaginal wall. The epithelium of the vagina contains glycogen, which is broken down by enzymes and bacteria into lactic acid to maintain low vaginal pH between 4 and 5, which is inhospitable to pathogens (8) . A patented mucoadhesive formulation platform developed at SRI International (Menlo Park, CA) showed promise as a vaginal bioadhesive (7) . This proprietary formulation (denoted as "SR-2P"; Fig. 1 ) offers many advantages as a potential bioadhesive microbicide gel candidate. A microbicide is a vaginal formulation containing antiviral agents. Unlike a solution dosage form, which is easily washed off, a mucoadhesive gel formulation, containing antiviral agents, on application to vaginal mucosa results in longer drug exposure. The overall goal of this investigation was to identify a lead bioadhesive gel candidate from several prototype gel compositions suitable for loading of anti-HIV/HSV agents. Towards this objective, various prototype gels were prepared and pH, osmolality, buffering capacity, viscosity changes, and bioadhesivity were studied under simulated physiological conditions. The vaginal irritation potential of the SR-2P were studied, in a mouse model developed earlier at SRI International (9) .
MATERIALS AND METHODS

Materials
The pH-sensitive polymer, polycarbophil USP (Noveon® AA-1) was received as a gift sample from Lubrizol (Wickliffe, OH). Another temperature-sensitive polymer, poloxamer 407 NF (Pluronic® F-127), in addition to glacial acetic acid, lactic acid, bovine serum albumin, zinc chloride, magnesium chloride, calcium hydroxide, monosodium dihydrogen phosphate, sodium hydroxide, disodium monohydrogen phosphate, potassium hydroxide, glucose, fructose, urea, potassium chloride and trisodium citrate, carboxymethylcellulose, nonoxynol, and benzalkonium chloride, was purchased from Spectrum Chemicals Manufacturing Company (Gardena, CA).
Methods
Polymeric Composition of the Prototype Gels
The prototype placebo gels had two compartments: compartment A, containing Noveon® AA-1, and compartment B, containing Pluronic® F-127, as the polymer base. A doublebarrel syringe model was used to mix the contents of the two compartments, and extrude the combination as a gel, as shown in Fig. 2 .
Preparation of Noveon® AA-1 Solution-Compartment A Polymeric solutions of Noveon® AA-1 (from 0.25 to 15% w/w) were prepared by dispersing the required amounts gradually (to avoid aggregation and clump formation) into a beaker containing deionized water, and stirred with a laboratory paddle mixer (Framo-Gerätetechnik, Model-LR20®, Eisenbach, Baden-Wurttemberg) at 850 rpm for 15 min. The solution was allowed to equilibrate at 4°C for 30 min to ensure complete hydration of the polymer. The pH of the solution was adjusted to 4.8±0.2 with 10 N NaOH. After pH adjustment, the final weight of the solution was adjusted to 100 g with deionized water. The polymeric solutions were allowed to equilibrate 24 h in refrigerator prior to being used in experiments, and were used within a week of preparation.
Preparation of Pluronic® F-127 Solution-Compartment B
Polymeric solutions of Pluronic® F-127 (from 0.5 to 15% w/w) were prepared by dispersing the required amounts gradually into a beaker containing deionized water, and stirred with a paddle mixer (Framo-Gerätetechnik, Model-LR20®, Eisenbach, Baden-Wurttemberg) at 300 rpm for 15 min. The solution was allowed to equilibrate at 4°C for 30 min to ensure complete hydration of the polymer. After complete dissolution, the solutions were allowed to equilibrate for 24 h in refrigerator prior to use in experiments, and were used within a week of preparation.
Preparation of Preliminary Prototype Bioadhesive Placebo Gels
Towards the optimization of SR-2P composition, several preliminary prototype bioadhesive placebo combination solutions were prepared by mixing different ratios of Noveon® AA-1 from syringe A and Pluronic® F-127 from syringe B in a connected double syringe (Fig. 2) . Nominal thumb pressure was sufficient for initial mixing of the two solutions, as viscosity only increases gradually.
Characterization and Optimization of Placebo Gels
Gels were analyzed for pH, buffering capacity, osmolality, bioadhesivity, and gel matrix integrity on dilution with simulated fluids. The vaginal and semen simulant fluids were prepared as per the composition of previously reported methods (10) . From these ten placebo gel compositions, only SR-2P gel was tested further at simulated physiological conditions of dilution and shear stress (Table I) , since only SR-2P showed desired characteristics of acceptable pH, viscosity, and osmolality. Furthermore, SR-2P withstood dissolution in vaginal fluid simulant, and a mixture of semen and vaginal fluid simulants. Triplicate samples of placebo gel formulations were used for each test.
Physical Appearance and Odor
The placebo gel formulations were checked for physical appearance such as color, consistency, and odor. 
pH
The pH of the placebo gels at room temperature was recorded using pH meter 440 (Corning Inc., NY).
Osmolality
The osmolality of the placebo gel formulations was determined using a 3D3 osmometer (Advanced Instruments, Norwood, MA). The measurements were recorded as milliosmoles (mOsm) in 0.2 ml of each placebo gel formulation.
Rheological Characterization
The rheological properties of the gel formulations were characterized by steady shear rheology using a cone-plate geometry viscometer (Brookfield® DV-II programmable viscometer, Middleton, MA). About 2 ml of placebo gel formulation was used and the gap between the geometry and the instrument plate was set at 103 mm as specified by the manufacturer. The viscosity of the ten whole placebo gels and diluted gels in simulated fluids at 37°C was measured at shear rate of 10 s
, and values were reported as centipoise (cPs).
Dilution Effect of Simulated Fluids on Gel Viscosity
SR-2P gel was diluted with vaginal fluid simulant, and a mixture of semen and vaginal fluid simulants (37°C) at dilution levels that ranged slightly above and below the normal condition so as to mimic vaginal flooding or dryness (slightly modified based on the published literature emphasizing the importance of dilution when studying the flow behavior in the vagina and coitus) (11, 12) . Briefly, a known volume of gel formulation was placed on the bottom of the scintillation vial. A calculated volume of simulated fluid (vaginal or a mixture of vaginal and seminal fluid) was layered slowly with pipette on top of the previous layer of gel in the vial. Typically, a sequential dilution of SR-2P from 1 to 8 ml of gel with 1 ml of VFS and 4.5 ml of VFS + SFS (1 ml+3.5 ml) was used in the various experiments. The two components were allowed to equilibrate (under stationary conditions without agitation) with each other for 30 min at 37°C. At the end of equilibration, fluid shear was introduced on a horizontal shaker plat- Fig. 2 . Double-barrel syringe device for preparation of prototype placebo gels. a Loading of aqueous solutions of polymers into compartment A and B connected by using syringe connector; b formation of in situ gel at the site upon mixing of twopolymer solutions in dual syringes form at a speed of 70 rpm (this shear is equivalent to one half the magnitude of in vivo coital shearing which is estimated to be 50 s
) for a time period of 10 min. After 10 min of shear, the components in the glass vial were kept in contact for an additional 70 min. Viscosity of the gels was measured at time intervals of 30, 35, 40, and 70 min using the viscous gel residue left at the bottom of the vial, after carefully removing the top fluid layer with a Pasteur pipette. Prior to the viscosity measurement, pH of the gel was recorded. The pH of the diluted gels at the end of 70 min and 24 h was also recorded to evaluate the buffering capacity of the gels.
Gel Erosion Assay
In the dilution study, the integrity of the gel was examined visually at the 30, 35, 40, and 70 min time points. Effect of dilution on the gel matrix structure was evaluated qualitatively by (a) magnitude of swelling and (b) retention of gel structure. The effect of swelling and changes in gel structure was quantified as a function of viscosity changes as a function of time in contact with the dilution buffer.
Bioadhesivity Testing of Placebo Gel Formulations
Bioadhesive strength of placebo gel formulations was characterized by a texture analyzer-based method with mini pig vaginal tissues. The bioadhesivity of each formulation was measured using a TA-XT2 Texture Analyzer (Stable Micro Systems, Surrey, UK) in adhesion mode to measure the peak force required to detach the placebo gel formulation from isolated mini pig vaginal tissue. Vaginal tissue (harvested from Gottingen mini pigs) was horizontally attached to the lower end of the texture analysis probe using a rubber band (Fig. 3) . At room temperature, samples of each placebo gel formulation (mixed before application) were placed under the analytical probe, and slowly lowered until the mucosal portion of the tissue contacted the surface of the sample. A downward force (0.1 N) was applied to ensure close contact between the tissue and gel formulation. The probe speed was maintained at constant speed of 1.0 mm/s (upwards), and force versus time plots were used to determine the force required to detach vaginal tissue from the gel formulation. The XTRA Dimension software (software provided by the manufacturer) was used for data analysis and force-time plot calculations. A minimum of three analyses was recorded for each formulation.
Vaginal Irritation Safety Testing of Placebo Gel Formulations in Mice
All animal work was approved by SRI's Institutional Animal Care and Use Committee in full compliance with all regulations of the National Institutes of Health Office of Laboratory Animal Welfare. Female 8-week-old CD-1 mice (Harlan, Indianapolis, IN) were conditioned with 3 mg DepoProvera™ 1 week before and within 1 day prior to study initiation and were randomly assigned to treatment groups (n=5) by a computerized body weight stratification procedure. Test articles used were as follows: TA 1 (1.0 w/w% Pluronic® F127+1.0 w/w% Noveon® AA1; composition of SR-2P); TA 2 (0.5 w/w% Pluronic® F127+7.5 w/w% Noveon® AA1), and TA 3 (0.5 w/w% Pluronic® F127+4.5 w/w% Noveon® AA1). A 0.050 ml vehicle control (2% carboxymethylcellulose), positive controls (8% N-9, 2% BZK), and test articles (TA 1/SR-2P, TA 2, and TA 3 [components were mixed with two interconnected syringes immediately before dosing; Fig. 2]) were administered intravaginally using a 20 gauge blunt applicator once daily for 12 days. On day 13, animals were euthanized; vaginal tissues were collected and formalin-fixed. Hematoxylin and eosin (H&E)-stained microtome sections were prepared and scored by a board-certified pathologist. Microscopic changes were coded by the most specific topographic and morphologic diagnosis. Systematized Nomenclature of Medicine (SNOMED) and National Toxicology Program (NTP) terminology manuals were used as guidelines. Gradable observations were scored by a four-step grading system: 0, not observed; 1, minimal; 2, mild; 3, moderate; and 4, marked.
RESULTS AND DISCUSSION
Polymer-based gel systems are widely used in formulation development of oral, dental, dermatological, vaginal, and ophthalmic applications (13, 14) . The gel-based formulations are easy to apply, easy to manufacture on a large scale, and have enhanced patient compliance. Furthermore, these aqueousbased systems display reduced irritancy, which is essential for application to vaginal membranes (13, 14) . It is understood from the published literature that development of viable semisolid drug delivery platforms for vaginal application requires a fundamental understanding of their rheological, textural, and mucoadhesive properties within the vaginal cavity (15) . Furthermore understanding of the factors affecting the dilution of gels with vaginal and semen fluids after the intravaginal administration and subsequent leakage of the gel from the site of Fig. 3 . Experimental set up of bioadhesion testing using mini pig vaginal tissues with texture analyzer (Stable Micro Systems, Surrey, UK). Adhesion mode was used to measure peak force required to detach placebo gel formulation from isolated mini pig vaginal tissue application are critical for the development of vaginal gels (16) . Mucoadhesive polymers based on acrylic acid and celluloses have been reported to destabilize during dilution resulting in subsequent loss of gel adherence to the vaginal cavity (13, 14, 16) . Mucoadhesive property exhibited by these acrylic acid cellulosic-based polymers alone is not sufficient to resist dilution and coital stress effects (13, 14) . Research and development efforts are underway for the development of optimum vaginal gel formulations that exhibit non-Newtonian characteristics and possess shear thinning properties, so that they are easy to apply. In addition, these optimum gels should be resistant to in vivo vaginal dilution and maintain structural integrity in spite of coital stress. In addition to the abovementioned gel characteristics, bioadhesivity of the formulation is critical for the prolonged retention and optimal exposure of the therapeutics in the vaginal cavity (13, 14) . The present study aims to identify placebo gels possessing all the abovementioned characteristics as suitable depot for anti-HIV/HSV agents, for use as microbicides.
Characterization and Optimization of Placebo Gels
The current prototype gels are stored in two compartments until use. This is a requirement for this formulation. The two syringes that make up the formulation constitute the "thermoresponsive" pluronic in one compartment and the "pH-responsive" polycarbophil in the other compartment. The uniqueness of this formulation is that during storage, the two solutions are in the solution form; however, on reconstitution and application to a physiologic site, this formulation "gels." The sol to gel transformation occurs because the pluronic fraction goes from the ambient temperature to 37°C and therefore gels, and the polycarbophil fraction undergoes a pH increase, which causes it to gel as well. Polycarbophil fraction gels on mixing with the more alkaline pluronic as well due to the presence of physiological fluid, both of which increases the pH of the mixture. The end effect is that the product is a thick spreadable "gel." If premixed in one syringe, the formulation will not have the sticky property of the polycarbophil; therefore, all the studies performed in this manuscript were done using the two-compartment syringe model. The gels were evaluated for different properties related to their biophysical and physiological functioning in vivo. All the prototype gel compositions were translucent to off-white in color, without any odor. Compositions containing higher concentrations of Pluronic® F-127 were off-white in color.
The pH of the gels were measured, as the microbicide vehicle should exhibit efficacy over a pH ranging from 3.5 to 7.7, because microbicides encounter wide fluctuations in the pH at the site of application (11) . For instance, the normal vaginal pH is acidic, ranging from 3.5 to 4.5, and when semen contacts the vagina, the pH rises to above 6.0 because of the buffering capacity of the male ejaculate (pH 7.2-8.0). Hence, an ideal microbicide should maintain efficacy over the physiological fluid pH level variations, i.e., the microbicide should exhibit ample buffering capacity. The pH of the undiluted prototype gels ranged from 5.1 to 6.4 (Table I) . Two gel formulations with higher concentrations of Pluronic® F-127 (>1.8% w/w) and Noveon® AA-1 (1% w/w) resulted in 0.2 to 0.8 unit increase in pH as opposed to other gels (Table I) .
Placebo gels were characterized for osmolality, which is used as an indicator of mucosal irritation potential (17) . The osmolality of various placebo gel formulations are presented in Table I . From the data, it is evident that compositions with very high concentrations of Pluronic® F127 have approximately eightfold higher osmolality as compared to other gels. Osmolality was found to be lowest in the case of prototypes containing 0.9% w/w of Pluronic® F-127 and 0.5 and 1% w/w of Noveon® AA-1 (15987-16-1 and 15987-18-1, respectively) . The osmolality of the remaining six prototype gels was fairly constant at 29±4 mOsm. With reference to the above discussion on osmolality, induction of mucosal toxicity was observed with the hyperosmolar formulations by other research groups (17, 18) , wherein the adverse toxicological behavior is observed with osmolality values greater than 2,000 mOsm/kg H 2 O, i.e., substantially greater than those measured for formulations described here.
Rheological Characterization of Placebo Gels
The viscosity of the placebo gels was found to be greatly influenced by the concentration of Pluronic® F-127. Among the various prototype placebo gels, highest viscosity of 3,780± 17 cPs was observed in the gel containing the highest amount of Pluronic® F-127 (>10% w/w, 15987-15-1; Table I ). On the other hand, the lowest viscosity of 513±3 cPs was observed in case of prototype containing equal (% w/w) concentration of Pluronic® F-127 and Noveon® AA-1 (15987-16-3).
Preliminary evaluation of dilution of gels with simulated fluids and shear (50 rpm) at a 1:1 ratio (volume) with simulated vaginal and a 1:5 ratio of a mixture (5 ml) of vaginal (1 ml) and semen fluids (4 ml) was performed on ten prototype gels. As shown in Table I , dilution with both fluid simulants reduced viscosity by many orders of magnitude (10-to 15-fold), more so with compositions that had less than 1% w/w of Noveon® AA-1. It is worthwhile to mention that SR-2P and the prototype gel containing 15% w/w of Pluronic® F-127 and 1% w/w of Noveon® AA-1 (15987-15-1) resisted the dilution effects of vaginal fluid and seminal fluid simulant mixtures (Table I ). These two formulations retained gel structure upon dilution with simulated fluids and unlike the other prototypes tested did not undergo complete dissolution. However, formulation of Noveon® AA-1 (15% w/w, 15987-15-1) was extremely viscous and gelled at room temperature, thus viscosity is deterrent to syringe.
Effect of Shear Force on Placebo Gels under Different Conditions of Dilution
The results of the preliminary dilution study demonstrated that only SR-2P was promising for further testing under simulated physiological conditions of dilution and shear as per the previously reported method (10) . In addition, an erosion assay was also used to measure the propensity for the gel to be washed off from the surface by vaginal fluid, semen, and mixture of simulants (19, 20) . It is evident from the results of the vaginal dilution studies that only SR-2P and the formulation with 15% w/w of Pluronic® F-127 and 1% w/w of Noveon® AA-1 resisted erosion under physiological diluted conditions of simulated fluids and shear (Table I) . As per published literature, the physiological shear rates during the passive and coital stress ranges from 0.1 to 100 s −1 (19) (20) (21) . Since SR-2P has resisted shear (50 rpm) and extreme dilution in simulated fluids, it was further characterized at the physiological simulated dilution and intermediate penile stress (70 rpm; Fig. 4 ). The entire biologically relevant range of shear rates (19) (20) (21) was applied to the whole placebo SR-2P gel in the present study (Figs. 4, 5, 6, and 7) .
The most significant challenge for topically applied vaginal gel drug delivery systems is the detrimental effect of dilution by cervicovaginal fluids (and semen during intercourse) on formulation rheology and hence on product retention (19) . Current clinical vaginal gels such as those used in contraceptive applications tend to be applied using volumes in the region of 1.5-3 ml (19, 21, 22) . These gel volumes are typically subjected to dilution by approximately 0.75-1 ml of vaginal fluid (11) (12) (13) 15, 21, 22) . Accordingly, the effects of dilution representative of that encountered in vivo on the viscosity of the gel was examined by sequential dilution of SR-2P from 1 to 8 ml of gel with 1 ml of VFS and 4.5 ml of VFS+SFS (1+ 3.5 ml; Fig. 5 ). Multiple volumes (1, 2, 3, 4, and 8 ml) of gel of SR-2P (which has 1% w/w of the two polymers) diluted with 1 ml of VFS showed viscosity at 100 cPs up to 70 min (Fig. 5a) . It is worthwhile to mention that these gel volumes (1 to 8 ml) also resisted 10 min of simulated coital shear at 70 rpm at shear rate of 100 s −1 . At the end of 70 min, viscosity was reduced about four times in the case of 2 ml gel volume, whereas the viscosity of 3-ml gel volume was unchanged (Fig. 5a) . In contrast, an increase in viscosity was observed in the case of 4-ml gel volume at 35 min; however, a twofold drop in viscosity was observed at the end of 70 min (Fig. 5a ). In the case of the largest volume (8 ml) of SR-2P, a similar trend was observed as was the case with 4 ml, but the drop in viscosity was less, even up to 70 min (Fig. 5a) . As evident from the data (Fig. 5b) , 1-ml gel volume of SR-2P in VFS + SFS lasted for only 35 min; other higher volumes retained gel structure up to 70 min. In the cases of 2 and 3 ml of SR-2P in VFS + SFS, approximately a twofold drop in viscosity was observed from the initial time point to 70 min (Fig. 5b) . In contrast, the 4-ml gel volume of SR-2P exhibited a slight increase in viscosity at 35 min, followed by a drop in viscosity at 40 min and remained plateau up to 70 min (Fig. 5b ). An opposite effect was observed in the case of 8-ml gel volume in mixture of VFS and SFS, where a continuous drop in viscosity was observed up to 40 min, and remained constant up to 70 min, retaining threefold of initial viscosity (Fig. 5b) . In addition to studying the effect of dilution on SR-2P at increasing gel volumes in simulated VFS and VFS + SFS mixture, shear effect at 70 and 140 rpm was also studied (Fig. 6 ). In the case of 1-ml gel volume of SR-2P in VFS, no change in viscosity was observed at 100 and 200 s −1 shear rates (Fig. 6a) . Effect of shear rates on the viscosity of SR-2P in increasing gel volumes with VFS + SFS was presented in Fig. 6b . The drop in viscosity was higher in VFS + SFS mixture (Fig. 6b) as opposed to the viscosity drop in simulated VFS alone. Complete solubilization of 1 ml SR-2P gel was observed within 30 min, and in the case of 2 and 3 ml volume, about twofold reduction in viscosity was observed at shear rate of 200 s −1 (Fig. 6b) . Similarly at 200 s −1 shear rates, viscosity was decreased by threefold in the case of 4-ml gel volume of SR-2P. In contrast to smaller gel volumes, the lowest drop in viscosity of SR-2P at 8-ml gel was observed at 200 s −1 shear rate (Fig. 6b) . The buffering capacity of SR-2P in VFS and VFS + SFS mixture incubated for up to 24 h at 37°C was presented in Fig. 7 . The pH of the SR-2P gels with increasing gel volumes from 1 to 8 ml in 1 ml of simulated VFS was maintained at 4.6 ±0.2 (Fig. 7a) up to 2-h incubation. However, after 24 h, pH dropped to 4.4±0.3, but within the normal physiological pH of the VFS (Fig. 7a) . The drop in the pH between 2 and 24 h was by about 0.2 to 0.3 units across the all gel volumes. The highest drop in pH was in the case of 3-ml SR-2P gel volume, which decreased by 0.3 units, but the drop in pH of the remaining SR-2P gel volumes was 0.2 units from 2 to 24 h incubation (Fig. 7a) . In contrast, a raise in the pH of SR-2P gels was observed in the mixture of simulated vaginal fluid (1 ml) and simulated semen (3.5 ml) between 2 and 24 h incubation (Fig. 7b) . Moreover, the rise in pH was as high as 0.6-fold in the lowest gel volume of 1 ml and lowest in the case of gel volume of 4 ml. The rise in pH was about 0.3 units in the cases of 2 and 8 ml, and 0.2 units in the case of 3-ml gel volume (Fig. 7b) . The rise in the pH of SR-2P could be due to high buffering capacity of simulated SFS (21, 22) . Another potential explanation is the high ionization of Noveon® AA-1 at the pH of the simulant fluid mixture ∼7.5, which is above its pKa of 6 ±0.5 (23, 24) . The two prototype gels with higher concentrations of Pluronic® F-127 (>1.8% w/w) and Noveon® AA-1 (1% w/w) resulted in 0.2 to 0.8 unit increase in pH as opposed to other gels (Table I ). The pH ∼6 of the SR-2P in the mixture of the simulated VFS and SFS mixture is near to the ideal conditions of physiological neutral pH of the vagina during the post-intercourse stage (25) .
Bioadhesivity of Placebo Gel Formulations
Bioadhesive strength of placebo gel formulations was characterized by a texture analyzer-based method with mini pig vaginal tissues (Fig. 3) . The bioadhesivity of each formulation was measured using a TA-XT2 Texture Analyzer (Stable Micro Systems, Surrey, UK) in adhesion mode to measure the peak force required to detach the placebo gel formulation from isolated mini pig vaginal tissue. From the results, it is evident that the SR-2P and placebo gel prototype containing 7.5% w/w Noveon® AA-1 and 0.5% Pluronic® F-127 have shown high peak force of detachment, implying good in vitro bioadhesion (Table II) . However, from a practical viewpoint, such a high concentration of Noveon® AA-1 (7.5% w/w) is difficult to fill into an applicator device, as it is extremely viscous (rubbery). Noveon® AA-1-based polymers form gels in water when exposed to pH environment above 4 to 6 (10, 23, 26) . Above their pKa of 6±0.5, the carboxylate groups on the polymer backbone ionize, resulting in repulsion between the anions and further increasing the swelling of the polymer. Cross-linked polymers do not dissolve in water, but form colloidal gel dispersions. The molecular weight of Noveon® AA-1 and related polymers is as high as 3.5 billion that interlink many polymer chains. Due to their chemical nature, these high molecular weight polymers readily swell in water, providing a large adhesive surface for maximum contact with mucin (the glycoprotein predominant in the mucus layer). Generally, carboxylic acid moieties in polyacrylic acid polymers are understood to form noncovalent bonds with the sialic acids in mucin, resulting in adhesion of the polymer to mucin, although the exact mechanism is not yet fully understood (23) .
The bioadhesive capacity of the gel formulation is essential to maximize the residence time and hence the clinical performance. The bioadhesivity of the formulation with vaginal epithelium is influenced by various factors including the nature of the surface of biological substrate, the interfacial layer between the formulation, and biological substrate (23) . It was observed during the gel erosion assay that formulations containing a higher percentage of Noveon® AA-1 had a tendency to swell. This may be attributed to the cross-linked nature of the Noveon® AA-1 component of the gels forming an interpenetrating network that allows the gel bolus to imbibe water without undergoing dissolution (24) . Consequently, Noveon® AA- 1-based formulations would be less susceptible to dissolution and erosion. It has also been reported that the thickening power of pluronics in water increases with hydrophobic molecular weights and ethylene oxide/propylene oxide ratios (20, 26) . Previously, Hassan and Gallo (27) evaluated the mucoadhesiveness of bioadhesive polymers using the elasticity modulus as an indicator. In this study, the decreased elasticity modulus of the formulations upon dilution with simulated vaginal fluids indicates that the mucoadhesiveness of the formulation may also be reduced by dilution. This effect was attributed to the decrease of elasticity modulus and eventual loss of gelation of the formulation upon dilution with simulated vaginal fluid.
Vaginal Irritation Safety Testing of Placebo Gel Formulations in Mice
For a gel to be successfully used as a vaginal formulation, it needs to be nonirritating to the vaginal tissue, as it otherwise may increase the risk of infection (28) . The FDA requires the rabbit vaginal irritation model for preclinical safety testing, as it is the gold-standard model to predict vaginal irritation (29) . Rabbits have a simple cuboidal or columnar epithelium that is highly sensitive to mucosal irritants. The absence of a hormonal cycle as a confounding factor simplifies the histopathological analysis in this model. The model is limited, however, since rabbits are markedly different from humans in terms of reproductive organ anatomy and histology, lack of cyclic hor- Fig. 8 . Progesterone-conditioned CD-1 mice were treated intravaginally with a carboxymethylcellulose (CMC) vehicle, b 8.0% N-9, c 2.0% BZK, d TA 1/SR-2P (1% Pluronic® F-127/ 1% Noveon® AA-1), e TA 2 (0.5% Pluronic® F-127/ 7.5% Noveon® AA-1), and f TA 3 (0.5% Pluronic® F-127/ 4.5% Noveon® AA-1) once daily for 12 days. Vaginal tissues were collected 1 day after last dose application, fixed in neutral-buffered formalin, and stained with H&E. After treatment with known vaginal irritants, epithelial thinning (b, c), erosion (c), leukocyte infiltration (b, c), and loss of mucification (b, c) were observed when compared to vehicle-treated animals (a). TA 2 and TA 3 application resulted in leukocyte infiltration and few minimal changes (e, f). In contrast, only minimal changes were observed after SR-2P/TA 1 treatment (d). Epi epithelium, Exu exudate; bar 100 μm monal and reproductive stages, limited vaginal lactobacilli, neutral vaginal pH, and unresponsiveness to most human genital pathogens. In contrast to rabbits, humans have a stratified squamous vaginal epithelium that is affected by the hormonal cycle (30) . Similarly to humans, small rodents such as mice and rats have a stratified squamous epithelium, which has typically been considered less sensitive to vaginal irritants. The height of the stratified squamous epithelium varies during small rodents' estrous cycle, which is a confounding factor when evaluating the histopathological changes following test article application. To mitigate this problem, small rodents can be conditioned with medroxyprogesterone (Depo-Provera™), which results in thinning of the vaginal epithelium and estrous cycle synchronization. Like humans, mice and rats have a stratified squamous vaginal epithelium, whereas rabbits have a single-layer vaginal epithelium (31) . However, significant differences remain, such as the vaginal pH, which is acidic in humans but close to neutral in rabbits, mice, and rats (32) . These different animal models should be considered complementary to each other. We previously developed mouse vaginal irritation models to study the inflammatory response to known vaginal irritants such as nonoxynol-9 (N-9), a previous candidate microbicide that increased HIV infection in clinical trials (33) , and benzalkonium chloride (BZK), a contraceptive spermicide that is used outside the US (34) . In this present study, we evaluated the vaginal irritation in response to known vaginal irritants N-9, BZK, as well as test articles (TA) 1/SR-2P, TA 2, and TA 3 by histopathology. We observed increased epithelial thinning, erosion, and leukocyte infiltration, as well as decreased mucification after 12 days of treatment with known vaginal irritants ( Fig. 8 ; Table III ). In contrast, only minimal changes were observed when treating the animals with SR-2P, suggesting that SR-2P is safe to use as a vaginal microbicide platform gel ( Fig. 8 ; Table III ).
In summary, we have optimized the relative composition of the gel (Fig. 9 ) to have good buffering capacity and in vitro bioadhesion, and to be nonirritating in vivo. The combination of the two polymers used in this proposed vaginal placebo gel complements each other and helps to withstand dissolution on dilution and application of stress. It is hypothesized that the carboxylic acid moieties in the Noveon polymers retains and swells in the presence of aqueous medium, but the swollen polymer is able to withstand dissolution because of the strength of the pluronic segment that offers additional van der Waals interactions and hydrogen bonding to the polymeric structure. The presence of pluronic segment controls the swelling behavior of the Noveon, as a result of which the bioadhesivity power of the Noveon polymer is not destroyed at the same the pluronic adds mechanical durability to the polymer in the form of "nonswellable" bulk. The interpenetrating network of the Noveon, which discontinuous due to the presence of the pluronic segments, forms a gel, which is difficult to be broken down by dissolution, even on application of force/torque. Future studies will direct towards the development of drug-loaded microbicide gels in SR-2P for vaginal delivery.
CONCLUSIONS
Novel bioadhesive two-polymer gels were prepared and optimized as a potential microbicide vehicle. The proprietary gel composition SR-2P has shown characteristics of an ideal microbicide candidate. Results have demonstrated that SR-2P retains its gel structure upon dilution at and above the physiologically relevant with simulated fluids. In addition, SR-2P exhibited shear thinning Newtonian behavior under increasing shear rate of 100 and 200 s −1 at 37°C. Moreover, SR-2P maintains the physiological acidic pH of the vagina and the neutral condition of the post-intercourse vaginal environment. SR-2P and a gel prototype with a high amount of Noveon AA-1 have optimal bioadhesive strength with high peak force of adhesion. Our results further demonstrated that the SR-2P platform gel caused no or only minimal signs of irritation when compared to known vaginal irritants like nonoxynol-9 and benzalkonium chloride. Overall, the results presented in a Minimal changes ≥0.5 are highlighted in italics and major changes ≥2 are highlighted with underline Fig. 9 . Relative composition of polymers in relation to performance of bioadhesive placebo vaginal gels. Note that the middle horizontal bar defines the molar ratio of the mixture of Noveon and Pluronic polymer
